ABSTRACT A selection experiment with a selection and a control line maintained for eight generations was set up to study efficacy of selection for a short interval from weaning to estrus after weaning the first litter and to estimate genetic variation in the Dutch Landrace population. Intervals were recorded without truncation (i.e., intervals up to 234 d were observed). A mating scheme with 10 mating groups was used to avoid inbreeding. Distribution of intervals from weaning to estrus was described by a mixture of a normal and an exponential distribution. Between lines, both underlying distributions were similar, but the contribution to the total distribution was different. From generation 4 onward, intervals were significantly shorter in the selection line than in the control line. Variances within lines, generations, and mating groups varied to a large extent. Response per unit selection differential was calculated for original data and three sets of transformed data, both with and without correction for unequal subclass numbers. Standardized responses were more precise and linear, when data were log-transformed, and when corrected for unequal subclass numbers. The assumed best estimate of the realized heritability was .17. The heritability in the foundation population was estimated at .36 f .05, using an animal model including all genetic relationships in the data. It was concluded that genetic selection decreases the average interval from weaning to estrus by reducing the number of sows with a record in the exponential part of the distribution.
Introduction
Considerable variation among sows exists in the time between weaning and first observed estrus, and this variation is most obvious after weaning the first litter (Hurtgen and Leman, 1981; Clark et al., 1986; Maurer et al., 1985) . Genotype is considered to be one of the causes of this variation. Dyck (197 l), Aumaitre et al. (1976) , and others observed differences between breeds or breed crosses in average interval from weaning to estrus. Heritability of interval from weaning to estrus estimated in multiparous sows is approximately .2 (Fahmy et al., 1979; Petrovicova et al., 1988) . Heritability estimates of the farrowing interval, which includes the interval from weaning to estrus, are somewhat lower at approximately . l (Johansson, 1981; Johansson and Kennedy, 1985; Vangen, 1986) . Both between-and within-breed variations confirm that genotype affects resumption of cyclic activity after weaning.
The purpose of the selection experiment reported herein was to estimate genetic variation in the Dutch Landrace population and to study efficacy of selection for a short interval from weaning to estrus after weaning the first litter. Efficacy of selection was estimated by calculating direct response of selection and comparing phenotypic distributions of intervals from weaning to estrus.
Experimental Procedures

General. A selection experiment was started in 1980
involving two closed lines of Dutch Landrace pigs. One line was selected for a short interval from weaning to estrus and the other was a control line in which selection was avoided, to maintain genetic variation of the foundation population and to enable correction for environmental trends. Foundation animals ( n = 472) were pairs of gilts, randomly chosen from litters of 235 unrelated dams. From each pair of littermates, one gilt was randomly chosen and assigned to the selection line and the other was assigned to the control line. Gilts were purchased in 10 groups, with all gilts in a group born in the same week. Week of birth of two successive groups differed by 5 wk. All gilts in a group were purchased at the same time, but age at purchase varied from 5 to 7 mo across groups.
A mating scheme, consisting of 10 mating groups, was set up to avoid inbreeding as much as possible ( Table 1 ). Several AI boars were used across each line to inseminate foundation animals and gilts of the first generation of the first five mating groups. Afterward, lines were kept closed. Sows were selected within their mating group, and gilts and boars were randomly chosen from their litters. Gilts and boars were identified by the mating group of their dams, but boars were always used as breeders in a different mating group, either from the same generation if the boar came from mating group 0 to 4, or from the next generation if the boar came from mating group 5 to 9. Also within mating groups, matings between related individuals were avoided as much as possible.
In each generation, gilts of a particular mating group were inseminated in the same 4-wk period of the year. The experiment consisted of the foundation population of purchased gilts, seven generations of selection, and in addition, one generation with only four mating groups with relaxed selection.
Managing Procedures. Gilts were moved to the mating unit at 31 to 36 wk of age and housed in pens of four contemporary gilts opposite boar pens. They were checked for estrus twice daily. Those that were not seen in estrus within 3 wk were treated with 400 IU of PMSG + 200 IU of hCG intramuscularly (PG600@; Intervet Nederland bv, Boxmeer, The Netherlands) and those not served within 4 wk after entering the mating unit were excluded from the experiment. Mated gilts were girth-tethered in a gestation barn, between 1 and 2 wk after the end of the mating period. Pregnancy was checked ultrasonically at 28 and 35 d after mating. Non-pregnant gilts were excluded from the experiment.
Sows were moved to farrowing crates about 1 wk before the expected farrowing date. Litter size was standardized at parturition within mating group and line at an average of eight pigs, whenever possible. Pigs were weaned between 32 and 38 d of lactation and sows were moved to the mating unit and housed individually. Sows in the mating unit were removed from the experiment on Thursdays after showing estrus, because interval from weaning to estrus had been established. All sows not yet seen in estrus were moved to a new pen every week. Sows remained in the mating unit until they showed estrus spontaneously. In every 10th pen, a boar was housed to stimulate onset of estrus. Treatment with hormones to induce estrus was not practiced. Checks for estrus were made twice a day, but a teaser boar was used only in the morning.
Most of the gilts and sows removed from the experiment were slaughtered and their reproductive tracts were examined. If a sow was slaughtered between 3 and 17 d after showing estrus, and corpora albicantia were observed on the ovaries, it was assumed that the sow experienced a silent estrus, before the observed estrus.
After weaning, pigs were housed on flatdecks, until they weighed 25 kg on average. They had free access to food (12.8 MJ of ME/kg, 17.8% CP, 10.54 g/kg digestible lysine). Afterward, gilts were housed in pens of four of the same line and mating group. They were allowed to consume food ad libitum (12.0 MJ of ME/kg, 14.5% CP, 6.80 g/kg digestible lysine) until they weighed 90 kg on average. Afterward, they were fed 2.25 kg daily of the same diet. During the mating period, both gilts and sows were fed 2.5 kgld (1 1.7 MJ of ME/kg, 13.5% CP, 5.95 g/kg digestible lysine). This regimen was continued during gestation, except for the last month, in which the daily diet was gradually increased to about 3 kg. Technicians were allowed to make minor adjustments in these diets by evaluating the body condition of the gilt. Sows received 1.5 kg food on the day before parturition, no food on the day of parturition, and 1 kg on the 1st d of lactation. During the following 10 d feeding levels were increased and subsequently sows were allowed to consume food ad libitum, with a maximum of 6 kg daily. From generation 5 onward, a different lactational diet was fed (12.6 MJ of MEkg, 16.8% CP, 7.24 g/kg digestible lysine). All animals had free access to water.
Selection Procedures. A short interval from weaning to estrus was the only criterion of selection in the selection line. In each mating group, 22 to 26 gilts per generation were randomly chosen from litters of the six to eight selected sows with the shortest intervals from weaning to estrus. From litters of the three best selected sows, eight boars were chosen. Sows in the selection line, which had been treated with hormones before puberty, were not selected.
To avoid selection in the control line, at least one gilt from each litter was reared and some additional gilts were chosen to complete the mating group in that generation, such that the number of chosen animals per sire was as equal as possible and the average interval from weaning to estrus of the dams reflected the mean of the mating group in that generation as much as possible. The latter two criteria were also used for choosing eight boars to be reared.
In both lines, gilts with leg problems after the rearing period were not mated. From the eight boars reared in each line, three were selected as mating boars, and one as a reserve, based on leg soundness and libido.
Number of sows with an observed interval from weaning to estrus per mating group in a generation varied from 4 t o 24 in the selection line and from 2 to 21 in the control line. The average number of observations was 13.4 and 12.1, respectively. Numbers of observed intervals per line and generation are shown in Table 2 . Numbers of sows per reason for not having an observed interval from weaning to estrus are summarized in Table 3 . Because in some generations the number of observed intervals in a mating group was too small to select sufficient dams, there were 15 selection-line and 38 control-line sows selected as dams, although interval from weaning to estrus was not observed due to crossfostering the entire litter, disease, leg, or other problems.
Statistical Methods. Agha and Ibrahim (1984) described a maximum-likelihood algorithm for estimation of parameters of a mixture of distributions, with all underlying distributions of the same type. We extended this algorithm to a mixture of distributions of different types, by using the entire density functions of the underlying distributions. This algorithm was used to estimate parameters of a mixture of a normal and an exponential distribution in the within-line a,bNumbers of sows within a row lacking a common superscript letter differ ( P e .05).
distributions of interval from weaning to estrus. A grid search with steps of 1 d was performed to estimate the optimal starting position of the exponential distribution. Maximized log likelihood was used to compare different starting points. Goodness of fit was checked by performing a linear regression of observed incidence on incidence predicted with the estimated composite density function.
Within-generation differences between observations in the selection and control lines were tested with the Wilcoxon rank sum test, approximated with a normal distribution (SPSS, 1983) . The hypothesis tested was that, within generations, the chance of a selection-line observation being shorter than a control-line observation was greater than .5.
Responses, standardized for selection differentials, were calculated using means ( p) , estimated within line, generation, and mating group. Boars were chosen as sires, because of the performance of their dams, and and the corresponding response ( R ) was as follows:
See Appendix for derivation of D [t,b] and R[t,b] . In mating groups 0 to 4, sows were mated with boars of the previous generation (Table 11 , so [l,t-2,al and [l,t-1,aJ in the formula for D and R, respectively, should be replaced by [l,t-3,al and [l,t-2,al in these cases. We took for P[l,t-2,al;dams for sires, P[l,t-Z,al;dams for females, and ~[l,t-l,a];females the average internal from weaning to estrus of all animals in the foundation population over lines, when sires were AI boars. If a dam or a sire's dam did not have a recorded interval from weaning to estrus, a record equal to the mean of the sow's mating group was assigned to that animal.
The cumulated corrected selection differential (corrected for unintentional selection in the control line) in generation t was calculated as follows:
and the cumulated corrected selection response in generation t (CRt) was calculated as follows:
Response per unit selection differential was estimated as the coefficient of regression of CRt on CDt. Cumulated corrected selection differentials and responses were also calculated after correction for unequal subclass numbers as follows: [~,i,b] was the number of observations in generation i of mating group b in the selection line and 13 was the average number of observations per generation in a mating group within a line.
In addition to the original data, three data sets were created using transformations. Reasons for transforming the data are explained in the discussion section. In the first set, original data were standardized within line, generation, and mating group, using the following:
where Z[l,t,b,i] and Y[l,t,b,i] are the transformed and the original record of animal i in mating group b, generation t and line 1, respectively, j~ is the overall mean, and a2[1,t,bl is the variance among records of animals in line 1, generation t, and mating group b.
In the second set, original data were transformed using a natural log transformation:
An alternative natural log transformation was applied in the third set created, which makes Z[l,t,b,i] equal to Y[l,t,b,i] , if y is lower than 5 d, and if y is greater than or equal to 5 d, then
Both the unweighted and weighted analyses were performed on each of the four data sets.
Response per unit selection differential was also estimated within mating groups, and the standard deviation of the 10 estimates in each of the eight types of analysis, divided by the standard deviation of the estimates from the original set of data without correction for unequal subclass numbers, was used as a relative measure of precision. Absolute values of standard deviations are not informative, because the 10 mating groups are not independent. Relative values are informative, because all data sets have the same degree of dependence, and differences are only caused by the type of analysis and transformation.
Components of variance were estimated both across and within lines, using a derivative-free restricted maximum-likelihood algorithm (Graser et al., 1987) , as applied in DFREML (Meyer, 1991) . The model included effects of generation and mating group combined as fixed and animal effects as random effects. All genetic relationships between animals were taken into account. Parents of foundation animals were assumed to be unrelated. 
Results
Effects of selection on the distribution of interval from weaning to estrus were studied by comparing the within-line distributions (Figure 1) . Data of all generations were combined in these distributions. Shape and mode of the distribution were not affected by selection, but the frequency at the mode of the distribution was higher in the selection line. Besides the mode, small peaks are visible every 7 d from d 11 through d 74, almost certainly caused by the managing procedure of moving anestrous sows weekly to a new pen.
Because the distribution of intervals from weaning to estrus is markedly different from known distributions of other traits, and because effects of selection on the distribution are also different, we tried to estimate a density function of interval from weaning to estrus. After comparing several types of distributions, it seemed that a mixture of a normal and an exponential distribution fitted best in both lines. It was clear from the grid search that d 5 was the optimal starting position of the exponential distribution in both lines. Estimates of parameters were almost identical over lines, except for the relative contribution of the underlying distributions to the total distribution ( Table 4 ) .
The within-generation mean in the selection line decreased markedly during the experiment, as shown in Figure 2 . In the control line, the average interval from weaning to estrus decreased as well, but to a smaller extent. Although selection-line intervals were shorter than control-line intervals in generations 4 ( P < .05), 5 ( P < .05), 6 ( P < . O l ) , 7 ( P = .06), and 8 ( P < .05), considerable variation existed in means of mating groups within a generation. Even in the last generations some mating groups in the control line had a lower average interval from weaning to estrus than the contemporary mating group of the selection line. Variances within line, generation, and mating group varied to a large extent and ranged from 2 to 3,811 d2 in the selection line, with 90% lying between 93 and 1,604 d2, and from 1 to 3,896 d2 in the control line, with 90% between 149 and 1,874 d2.
In both unweighted and weighted analyses, the original data and the sets of log-transformed data gave comparable estimates (Table 5 ), but estimates from the set of standardized data were higher. Amount of variation in cumulated corrected response explained by linear regression on cumulated selection differentials was increased by transforming the data and by correcting for unequal subclass numbers and was highest after applying the alternative log-transformation. The standard deviations among regression coefficients estimated within mating groups were lowest in the sets of log-transformed data.
The heritability in the foundation population, estimated with data of all subsequent generations, using an animal model, was lower when estimated across lines than in the selection and control line separately ( Table 6 ). Within-generation average breeding values of the selection and control lines are shown in Figure 3 . Average breeding values were not different between lines in any generation.
Discussion
Distributions of interval from weaning to estrus in the selection line and in the control line could be described by the same set of functions, with only relative contributions being different. Genetic selection apparently causes a shift from the exponential part to the normal part of the distribution. Furthermore, we consider the similarity of lines, being described by a normal and an exponential part, as strong evidence for the concept of normal vs prolonged intervals (Ten Nape1 et al., 1995) .
By examining reproductive tracts after slaughter, it was established that 11.0% of selection-line sows and 9.2% of control-line sows experienced a silent estrus before the first observed estrus after weaning. Apparently, incidence of a silent estrus was not reduced by selection for a short interval from weaning to estrus. It was not possible to fit silent estrus into the density function, because the contribution of the distribution representing observations with a silent estrus consistently decreased to zero. Examination of the distribution of sows with a silent estrus showed that it was different from the overall distribution, because the normal part of the distribution is missing. It seems that in this experiment, sows with a prolonged interval were more prone t o silent estrus than sows with a normal interval. However, this may be an artifact, caused by the procedure of weekly moving sows to a new pen. If that occurred before estrus, but after the start of cyclic activity, concurrent stress reactions may have inhibited expression of estrus. Sows were moved on d 7, 14, 21, and so on. Numbers of sows in estrus are lowest on these days in both lines (Figure 1 ). These concurrent stress responses, however, may have stimulated onset of estrus before start different from those observed, thus causing a change of the group mean, the selection differential would not have been very different, if no animals were removed from the experiment due to the experimental design.
In generations 4, 5, and 6, and also across generations, more sows from the control line than from the selection line were removed before the interval from weaning to estrus was observed. Distribution of animals over categories of culling was not different between lines but differed between generations ( P < .05). Of all the animals removed from the experiment before an interval from weaning to estrus was observed, 12% were removed before entering the mating pen, 74% were removed between entering the mating pen and farrowing, and 14% after farrowing. The distribution over these groups was not different between lines.
The observation of an exponential distribution contributing to the total distribution implies that small samples show large variation in sample mean and variance, due t o the fact that extreme values have large impact. Drawing 100 samples of size 13 from the estimated mixed distribution of the selection line yielded sample variances ranging from 58 t o 7,528; 90% of the sample variances were between 217 and 1,564. Variances within line, generation, and mating group observed in the experiment were somewhat smaller, but the range was comparable. We therefore assumed that heterogeneity of variances was due to the small size of mating groups within generations.
The relative contribution of the normal distribution (Table 4 ) is an average value over generations. This parameter, however, is likely to increase gradually during the experiment, due to selection. Because variance is dependent on the fraction of the normal distribution, it will decrease when the amount of the normal distribution increases, thus causing heterogeneous variances. Calculating variances with the moment-generating function of the composite density function yields a decrease in variance of 26% when the amount of the normal distribution increases from 20 to 50%. Such a decrease is negligible to the observed variation in within-generation variances. In the animal-model analysis, additive-genetic and residual components of variance were indeed estimated to be somewhat lower in the selection line than in the control (Table 6) .
Given the exponential characteristics of the distribution, testing significance of differences in observations between lines using the Wilcoxon Rank Sum Test is more advantageous than comparing means, because the impact of extremes is reduced by taking into account only the rank and not the magnitude. This test accounts for non-normality but ignores variation due to genetic drift. The alternative test of between-line differences in average predicted breeding values accounts for variation due to genetic drift, but it is implicitly assumed that differences are normally distributed. Predicted breeding values, however, should be interpreted with caution, because they are a function of estimates of the components of variance and depend on whether the model is correct. Heritabilities calculated from REML estimates of variance components are somewhat higher than those reported in literature (Fahmy et al., 1979; Petrovicova et al., 1988) , and confirm that there is a substantial amount of additive genetic variation in interval from weaning to estrus, which is in contrast to other fertility traits, such as litter size (Johansson and Kennedy, 1985; Bichard and David, 1985) . The difference between the estimate over lines and estimates within lines is that the latter two are based on parent-offspring and full-sibhalf-sib information only, whereas the former also includes information from the changing contrast between lines, due to selection. Fitting a line-generation-mating group interaction when analyzing the entire data set yielded estimates similar to those derived using the within-line analyses.
The responses per unit selection differential were calculated using means, as described. The precision when applied to original data, therefore, may be lowered in the case of an exponentially distributed trait, because of the large variation in sample means and variances. The first transformation was applied t o correct for heterogeneity of variances. "he second was used to correct for the exponential characteristics of the data. The third transformation was used to take into account that data originated from a mixture of distributions, and in fact reduces the value of a difference of one day, when it is further away from a normal interval. The transforming function f is chosen such that f(5) = 5 and f ( 6 ) = 6, which means that normal intervals are not transformed, in fact.
Standardizing the original data seemed not to be a good method to increase the precision of the standardized response, for the variation in within-matinggroup estimates was even increased relative to the variation in estimates from original data. The relative precision was highest in the third set of transformed data, and percentage of Variation in the cumulated corrected response explained by linear regression on cumulated corrected selection differentials was highest, so we assume the alternative log-transformation in combination with the correction for unequal subclass numbers is the best estimate.
The response per unit selection differential can be considered as an estimator of the realized heritability, although the selection procedure applied is slightly different from individual selection. It is, however, strictly not unbiased, because parents were unrelated only in the first generation (Falconer, 1989) . The realized heritability of .17 is lower than the heritability of .36 in the base population. A commonly used explanation for such a difference is that the latter is overestimated because of common environmental covariances between relatives. This is unlikely in this experiment, because littermates were generally reared in different pens. A more likely explanation is that the environment of selection was not constant throughout the experiment. Management procedures after weaning were applied very strictly, but procedures during rearing, gestation, and lactation were changed during the experiment, which may have interfered with selection.
Use of an algorithm as applied in the DFREMLprograms implies the assumption of data having a multivariate normal distribution, which is not correct for interval from weaning to estrus. To study effects of this invalid assumption, we simulated 200 data sets with 50 sires, 5 dams per sire and 4 offspring per dam. In the first 100 sets, breeding values for sires and dams were drawn from an exponential distribution with 4 as variance, and residuals from an exponential distribution with ui as variance. In the next 100 data sets breeding values were drawn from normal distributions, with u i and C J~ as variances. Data of progeny were simulated as follows: Phenotype = .5 * BVsire + .5 * BVdam + residual.
The heritability calculated with 4 and 4 was .25.
Heritabilities calculated with simulated breeding values were .251 f .040 and .246 f .020 in the exponential and normal distributed data. Estimated heritabilities were .266 f .090 and .240 k .061, respectively. Standard errors of means were calculated with variances between replicates. We concluded that with exponentially distributed data, estimates are not biased ( P < .05), but standard errors are larger ( P < .05) than those from normally distributed data.
Implications
The results of this experiment indicate that genetic selection reduces average interval from weaning to estrus by decreasing the number of sows with a prolonged interval, without affecting incidence of silent estrus. Genetic selection as applied in this experiment may be a useful tool for decreasing incidence of prolonged intervals, but it may not be very efficient.
Selection differential and response, as defined in the paper, can easily be derived from this equation.
E (P[l,t,b] ;females) = % * P[l,t-1,bl;females -I-' h * ~ [l,t-l,a 
